We estimated the extent of suspended solids (SS) and particulate organic matter (POM) discharged from a freshwater reservoir, called the Isahaya Reservoir, into a sea area by tracking the diatom frustules produced in the reservoir. The estimation method is based on the fact that Skeletonema subsalsum and S. costatum, are the predominant diatoms in the reservoir and the sea, respectively, and the discharged SS and POM contain the freshwater diatom, S. subsalsum, and that the diatom frustules remain undecomposed in the environment even after the plankton decays. The results of the sediment trap experiment and bottom sediment survey showed that the distribution of diatom frustules in the bottom sediment had good agreement with that in the water column in the sea, and the greatest amounts of the drained SS and POM were estimated to have reached and settled down on the bottom sediment in the sea area within approximately 2 km from the drainage gates of the reservoir.
INTRODUCTION
The organic pollution of water and bottom sediment in a sea is an important issue to be solved to conserve the habitat for sea benthos. The pollutant loading from rivers could seriously effect the sea environment, especially in an enclosed coastal bay, and estimation of the extent and the concentration of the impact of the pollutants is essential in order to control the pollution.
To estimate the impact of particulate organic matter (POM) in river water inputs on a sea area, the ratios of carbon 13 C/ 12 C and nitrogen 15 N/ 14 N stable isotopes make it possible to differentiate river and marine organic matter sources (Riera & Richard 1997; Bȃ naru et al. 2007 ). The technique is based on the fact that the isotopic composition of organic materials differs among primary producers. However, in cases where the POM is almost entirely composed of algae grown in an enclosed freshwater body close to a sea area it could have similar ratios of carbon and nitrogen stable isotopes to those of the POM in the sea, thus quantitative differentiation of freshwater and seawater organic matter sources is impossible where the seawater melds with the water from an enclosed freshwater body.
The sea area in the present study, Isahaya Bay and its surroundings (Figure 1 ), is exactly a case of this kind. The freshwater reservoir, called the Isahaya Reservoir, is located at the end of Isahaya Bay and discharges freshwater into the bay through two drainage gates after rainfall to control the water level. We tried to estimate the extent of SS and POM discharged from a freshwater reservoir by considering a diatom characteristically growing in freshwater areas as a tracer that could be used to track the freshwater flow into the sea. The estimation method of tracking diatom frustules produced in the reservoir is based on the fact that as every doi: 10.2166/wst.2008.811 diatom species grows to match the salinity conditions, whether it is freshwater, brackish water or seawater, the discharged SS and POM from the freshwater reservoir could contain freshwater diatoms, such as Skeletonema subsalsum, and that the diatom frustules remain undecomposed in the environment even after the plankton decays.
The bottom sediment in the reservoir and the sea area was surveyed, and the sediment trap experiment was conducted for three days after the reservoir discharged freshwater into the bay, to clarify the origin of SS and POM in the bay.
MATERIALS AND METHODS

Study area and water quality monitoring
The study area is the Isahaya Reservoir, the Isahaya Bay and its surroundings (Figures 1 and 2 ). The bay is located in the western part of the Ariake Sea, and a 15 km 2 area of agricultural land and a 20 km 2 area of freshwater reservoir, the Isahaya Reservoir, were developed by closing off approximately one-third of the bay with a 7 km long dyke in 1997.
The reservoir has two functions, one is to supply irrigation water to the newly reclaimed agricultural land, the other is to protect it against flooding caused by heavy rain and the approach of storm surges during a typhoon, so that the water level of the reservoir is controlled at 1 m lower than the mean sea level by preventing the inflow of seawater when the tide rises above the inner water level and by discharging fresh water through two drainage gates when the inner water level is higher than 1 m below the mean sea level.
After the closing off the sea, the salinity of the water in the subsalsum and S. costatum were counted.
In addition, the drained water from the reservoir was collected on 8 March 2005, to analyse the water quality and count the number of S. subsalsum and S. costatum.
RESULTS
Water quality in the reservoir and bay
The annual mean concentration of total nitrogen (T-N), total phosphorus (T-P) and COD Mn are approximately 1.2 mg/L, 0.25 mg/L and 9.0 mg/L, respectively, which are much higher than those of seawater.
The key phytoplankton species has been S. subsalsum in the reservoir since 2000 (Figure 4 ), while the species might be found only in the sea area close to the reservoir during a couple of weeks after a freshwater discharge. On the other hand, S. costatum has predominated in the sea area as shown in Figure 5 . While S. subsalsum is costatum was considered to have flowed into the reservoir and settled on the bottom surface at the same time.
The frustules of S. costatum were predominantly found in the sea area. On the other hand, the frustules of S. subsalsum were observed at only 4.5 £ 10 4 cells/g and 1.3 £ 10 5 cells/g at Stn. S1 and Stn. S6, respectively, and both of these stations are close to the drainage gate of the reservoir, and 0 -1.6 £ 10 4 cells/g were found in the other sea areas.
The settling rates of particulate matter observed in the sediment trap are shown in Figure 8 . All the precipitates were observed in relatively large quantities at Stns. S1 and S1 0 , and likely decreased with distance from the drainage gate. While the cylinders at Stns. S1 and S1 0 were deployed deeper than at the other Stns. S7, S12 and B4 because the bay is shallow to a considerable distance from the shore, the particulate matter was considered to be easier to resuspend and be collected in the cylinders at Stns. S1 and S1 0 . The percentage of POM, which was indicated by VSS, PCOD or TOC, in the SS seemed to be lower in areas closer to the drainage gate, and was highest at Stns. S7 or B4 (Figure 9 ). The distribution of the frustules of S. subsalsum collected had a similar tendency to other precipitates as shown in Figure 10 . However, the frustules of S. costatum collected declined over the distance from the gate to Stn. S7
and increased offshore.
In addition, the water discharged from the reservoir collected on 8 March 2005 contained S. subsalsum and S.
costatum at 34.8 £ 10 4 cells/g and 6.4 £ 10 4 cells/g, respectively.
DISCUSSION
As the key species of phytoplankton was S. subsalsum and the particle size of the SS and that of S. subsalsum in the reservoir were approximately the same, to estimate the extent of SS and POM discharged from the reservoir in the sea was considered to be possible by tracking the frustules of S. subsalsum. However, we should note that the discharged water from the reservoir contains S. costatum in it as described above, so that the S. costatum frustules in the sea area might originate from the reservoir. For the moment let us look closely at results of the sediment trap.
It is assumed that the number of S. costatum frustules that originated from the reservoir can be calculated using following equation: The number of S. costatum frustules that originated from the sea is also calculated as
where TSC S ¼ sea-originated S. costatum frustules trapped (cells/g), and TSC ¼ S. costatum frustules trapped (cells/g).
As S. costatum and S. subsalsum were predominant in the sea area and the reservoir, respectively, the number of phytoplankton that originated from the reservoir and the sea are approximated in Equations (3) and (4),
where TPH R and TPH S ¼ reservoir-originated and seaoriginated phytoplankton trapped (cells/g), respectively.
Assuming that the settling rate of the POM is in direct proportion to that of the phytoplankton, the settling rates of the POM that originated from the reservoir and the sea are estimated using the following equations, respectively. S1 and S1 0 , and by 80 -90% between Stns. S1 0 and S7 as shown in Figure 11 . In addition, based on these findings, the percentages of POM that originated from the reservoir and the sea are shown in Figure 12 . More than 70% of the POM observed was estimated to have originated in the marine environment. The POM originating from the reservoir was at approximately 30% in the sea area nearer the drainage gate than that in the mid-bay area, at Stns. S1, S1 0 and S7, and less than 3% at Stns. S12 and B4.
The results obtained in both the bottom sediment survey and the sediment trap indicated the same impact of SS and POM discharged from the reservoir on the bottom sediment in the sea area, that is, most of the discharged SS and POM settle down on the bottom within 2 km from the drainage gate and little discharged POM was transported out of the bay. 
